Background: Previous studies have shown that combined treatment with internal ultra-low dose-rate irradiation selectively inactivated hypoxic T-47D breast cancer cells after three to five weeks of treatment. However, 2-3% of the hypoxic cells were found to survive and restart proliferation upon re-oxygenation. Purpose: To investigate the metastatic potential and characteristics of radiosensitivity of these surviving cells, named T -47D S . Material and Methods: The T -47D S cells were grown in ambient air without irradiation. A cloning experiment identified two sub-groups with different DNA content (T À 47D
Introduction
Hypoxia is a common characteristic in many tumor types (1) . Transient limitations in perfusion, which is caused by aberrant blood vessels, result in the development of acute hypoxia (2) . Cells are believed to experience several cycles of acute hypoxia during their lifetime, extending from less than a minute to several hours in experimental tumors (3) . Hypoxic regions in the tumor can also arise from diffusion limitations, termed chronic hypoxia, characterized by live cells positioned at the rim of necrotic areas without vessels where oxygen is consumed by the cells close to the vessels leaving more distant cells severely hypoxic (3, 4) . It has been known for decades that besides increasing treatment resistance (5) , the degree of tumor hypoxia also correlates with a more aggressive phenotype that is more prone to metastasize (6) . This is effectuated through a strong selection pressure and the importance of clonal selection of tumor cells with diminished apoptotic potential has been shown experimentally and in the clinic (7) .
In previous studies by our group, T-47D breast cancer cells were treated with a combination of continuous low dose-rate (LDR) low LET b-irradiation and intermittent hypoxia. A LDR of 15 mGy/h was induced by incorporating 1.6 Ci/mole of tritiated valine into cellular protein. The cells adapted to the LDR treatment and survived seemingly indefinitely (8) . Cultivation of the T-47D breast cancer cells with 4% oxygen in the atmosphere induced intermittent hypoxia as the cells proliferated and consumed oxygen, leading to oxygen concentration varying from about 3.5% right after recultivation to below 0.1% oxygen when the cell flask reached confluency. This treatment was well tolerated by the T-47D cells. However, when the two treatments of LDR radiation and intermittent hypoxia were combined, 98% of the cell population detached and died within three to five weeks (9) . The LDR irradiation induced a steep increase in cellular respiration followed by severe hypoxia, and extensive cell death occurred. With the majority of the cell population dead, the oxygen conditions of the few surviving cells improved and cell proliferation restarted.
A possible way of taking advantage of the specific effect on hypoxic cells by ultra-LDR irradiation could be to combine LDR irradiation to target specifically the hypoxic cells with subsequent conventional external radiotherapy, eradicating the well oxygenated cells, thereby maximizing treatment efficacy. However, since in previous experiments about 2% of the hypoxic cells survived the LDR treatment, it is important to ascertain that these surviving cells have maintained a radiosensitivity allowing eradication by the external radiotherapy treatment. Furthermore, it is important to determine that the cells have not developed increased ability for migration, indicating ability for metastasis.
The purpose of the present study was to investigate the radio-response, relative migration, and DNA content of the cells that survived the combined treatment of LDR irradiation and hypoxia.
Material and Methods

Cell culture
Cells of the human breast cancer cell line T-47D (10) were grown as monolayer cultures in RPMI 1640 medium (Gibco, Rockwell, MD, USA), 5 mL in a 25 cm 2 flask (Nunc A/S, Thermo Fisher Scientific, Roskilde, Denmark), supplemented with 10% fetal calf serum (Euroclone, Milan, Italy), 2 mM l-glutamine, 200 units/L insulin and 1% penicillin/streptomycin (all from Gibco) as previously described (11) . Cells were recultivated twice per week, Mondays and Fridays, with medium change on Wednesdays.
Flow cytometry measurements of cell cycle distribution
To measure nuclear DNA content the method of Vindelo¨v et al. was adapted (12) . Briefly, cells were trypsinized and prepared into a single-cell suspension. The cells were washed twice with 0.9% NaCl, citrate buffer was added, and the cells were incubated for 30 min. A trypsin-detergent-solution was added for 22 min with 0.5% Triton X-114. Thereafter, a trypsininhibitor solution was added for 10 min, before incubating the cells with a solution containing PI for 30 min. The samples were run on a BD Accuri C6 Flow cytometer (BD Biosciences, San Jose, CA, USA) and cell cycle distribution analysis was performed with the Multicycle AV DNA analysis software FCS Express (De Novo Software, Glendale, CA, USA).
Cloning experiments
Single cells were seeded in a 96-well plate, and only wells with a single cell were selected for further growth with filtered cell-conditioned medium (CCM). This was evaluated by careful consideration under microscopy. Further on, clones proliferating well were transferred to a six-well plate and grown with 50% RPMI medium and 50% CCM, before they were transferred to 25 cm 2 cell flasks (Nunc A/S, Thermo Fisher Scientific, Roskilde, Denmark).
Cell migration assays
To study cell migration we used wound healing scratch assays (13) . The cells were seeded in 35-mm culture dishes with culture inserts (Ibidi, Munich, Germany). When the culture flask reached confluency, the insert was carefully removed. This created a cell-free wound of approximately 500 mm. The dish was cleansed twice with serum-free medium, before 1.9 mL of serum-free RPMI was added, to secure minimum proliferation. The cells were allowed to migrate in an incubator with 5% CO 2 for 16 h. Images were taken immediately after removal of the Ibidi insert and 16 h later using a 10Â objective (Nikon diaphot, Tokyo, Japan) with Paxcam software (PAXcam, Villa Park, IL, USA). The images were then analyzed by assessing the distance of the cell free gap in at least 30 different positions throughout the gap and the cell migration was calculated by assessing the gap closure as follows:
where %M is the relative migration, A is the average scratch width at 0 h, and B is the average scratch width at 16 h.
Irradiation
Plastic flasks (Nunc A/S, Thermo Fisher Scientific) with cells attached were g-irradiated from below with a 60 Co source (Theratron 780-C, MDS Nordion, Ottawa, Canada). The irradiation field was 40 Â 40 cm 2 and the source-to-flask distance was 66 cm giving a high dose-rate (HDR) of $30 Gy/h for the challenge irradiation. The cell flasks were placed on a hollow waterfilled Perspex plate, which was heated to maintain 37 C in the medium of the flasks by circulating water from a water bath (Grant Instruments, Cambridge, UK).
Low dose-rate irradiation
Continuous LDR irradiation was done by incorporation of
.0 mCi/mL, GE Healthcare, Amersham, Buckinghamshire, UK) into cellular protein as described previously (8) . Briefly, cells were grown in medium supplemented with 1.6 Ci/mole [ 3 H]-valine, and this specific activity was maintained at a constant level by a high concentration (1 mM) of unlabeled valine in the medium. Controls were grown in medium with 1 mM unlabeled valine.
Cell survival
The cells were trypsinized and counted in Bu¨rker chambers, before five parallel flasks were seeded for the irradiated cells and ten flasks for the unirradiated control. After 16 days of incubation, the cells were fixated and stained with methylene blue. Colonies with more than 50 cells were scored as survivors. An extra flask was fixated at the time of irradiation and the multiplicity was counted in order to account for cell division during the time between seeding and irradiation. The mean value was calculated and used for corrections according to a formula previously published (14) .
Nuclei activity measurements
Preparation of nuclei for scintillation counting was performed by 30 min of treatment on ice of cells in 2.5 mL of a low-salt buffer (1.2 mg NaVO 3 , 1.0 mg DTT, 10 mL Triton X-100, 3.0 mg MgCl 2 , 7.5 mg KCl, 20 mg Glycerophosphate, 0.1 mL Hepes [1 M]; all Sigma Aldrich Fluka, RBI, MO, USA) in 10 mL water (MilliQ, Millipore, MA, USA) before washing in PBS, addition of 3 mL 10% PCA for 15 min and washed three times with 2% PCA.
Results
In a previous study, we observed a steep decline in surviving fraction when T-47D cells were exposed to intermittent hypoxia combined with LDR irradiation (Fig. 1a, replotted from (9) and modified for clarity). After about three to five weeks, only 1-2% of the cells that were identified as intact after trypsinization had retained their capacity to form colonies and in addition a high fraction of the cells had disintegrated and could not be reseeded for colony formation (Fig. 1b) . However, the few cells that survived the treatment repopulated the flask when oxygenation improved and the clonogenic capacity returned to that before the crisis. These cells were denoted T -47D S . At this time (84 days after treatment start), we stopped LDR irradiation and continued cultivation of the cells in ambient air. A nuclei DNA analysis by flow cytometry was then performed on the T -47D S cells, revealing two distinct subpopulations with different DNA ploidy (Fig. 1c) in the repopulating cells.
To establish the DNA content of the T -47D S cells, we used wild-type T-47D cells as internal standard. For identification of the different cell populations we used a series of varying concentrations of T-47D cells and T -47D S cells. We found that one of the two subpopulations had a similar amount of DNA as wild-type T-47D cells (Suppl. Figure 1) . The DNA content of cells from the other subpopulation had almost double of the DNA content compared to T-47D wild-type cells (Supplementary Figure 1) .
The T -47D S cells were then cloned and the DNA content of the populations arising from each clone was analyzed. All nine single cells that turned into colonies were prepared for nuclei DNA flow cytometry. One of these had a DNA histogram almost overlaying with the histogram of the wild-type T-47D cell (named T À 47D C2 S ) (Fig. 2d-f) . The remaining eight clones all had abnormally high DNA content, approximately 1.7 times that of T-47D cells. For the following experiments, one of the high DNA clones were chosen for further investigations and named T À 47D C1 S . Flow cytometry was run for a series of samples with increasing amount of T-47D cells added as an internal standard (Fig. 2) . Only pure populations of T À 47D (Fig. 2d-f) .
The increase in DNA content observed in T À 47D Figure 2) . We also tested the p53 status of T À 47D C1 S , T À 47D C2 S , and T-47D cells after 2 Gy irradiation compared to controls and found, as expected, no significant change in p53 levels (Suppl. Figure 3) . Thus, it is not likely that p53 is involved in the observed differences between the two subpopulations.
The radiosensitivity of both clones was determined by high dose-rate Co-60 challenge irradiation at $30 Gy/h (Fig. 3) . The radiation response of wild type T-47D cells is shown in Fig. 3a . In Fig. 3b Interestingly, T À 47D
C1
S shows hyper-radiosensitivity (HRS) (Fig. 3a) . The data were fitted to the induced repair model (Fig. 3a) and the parameters are given in Table 1 . The slope of the initial part of the curve (a s ) is similar to the slope for T-47D cells, but the dose where the change from a s to a r is 63% complete (d c ) is smaller for T À 47D C1 S than for T-47D cells. It is surprising that T À 47D C1 S shows HRS, since HRS in wild-type T-47D cells is normally removed by LDR irradiation as well as by intermittent hypoxia (16, 17) . T À 47D C2 S showed no HRS (Fig. 3b) and neither did the original T -47D S population in response to challenge irradiation (Fig. 3b) .
DNA histograms (Suppl. Figure 4 ) from wild-type T-47D cells, T À 47D C1 S , and T À 47D C2 S irradiated with 2 Gy showed similar increases in fraction of cells in G2 compared to unirradiated cells indicating no change in the radiation induced G2 checkpoint in the two subpopulations.
A wound healing scratch assay was used as a model system for cell migration to estimate the metastatic potential. The cells that survived the LDR treatment did not migrate more than wild-type T-47D cells. T À 47D C2 S had a significantly lower relative migration compared to T-47D wild-type cells (P < 0.05), whereas there was no statistically significant difference between neither T À 47D C1 S nor T -47D S compared to T-47D (P ¼ 0.2 and P ¼ 0.07) (Fig. 4) . We also performed migration experiments under hypoxic conditions (4% oxygen in the atmosphere) with two parallels each of T À 47D C1 S and T-47D (Fig. 4, white bars) . No statistical difference was found when comparing relative migration under hypoxic conditions to that in ambient air for T À 47D C1 S or for wild-type T-47D. In some of the experiments, photographs were taken after 42 h, but no further migration was observed (data not shown).
In order to test whether the presence of two subpopulations could be explained by treatment with internal LDR irradiation generating two sub-groups of cells receiving different cumulated doses, the activity of nuclei from the two subpopulations was measured (0.13 AE 0.03 and 0.16 AE 0.02 decays per minute per nuclei in T À 47D
C1 S
and T À 47D C2 S , respectively). The values are comparable and cannot explain the observed differences in the two clones.
Discussion
The aim of the present study was to characterize the cells that survived combined treatment with internal LDR b-irradiation at 15 mGy/h and intermittent hypoxia. T-47D cells were previously shown to tolerate both these treatments when applied separately, while the combination of the treatments led to a steep decline in cell survival after three to five weeks (9) . This suggests the potential use of internal LDR irradiation as a treatment specifically targeting hypoxic cells. The treatment should be followed by external high dose-rate irradiation to target the non-hypoxic cells as well as the cells surviving internal LDR irradiation. It is therefore necessary to determine the sensitivity to high doserate challenge irradiation of the cells that survived the combined treatment of internal ultra-LDR irradiation and intermittent hypoxia (T -47D S ).
Wild-type T-47D cells display low-dose HRS characterized by a high sensitivity per unit dose for doses below $ 0.5 Gy. For low LET radiation this is followed by a more resistant response in the dose range $0.5-1 Gy called ''increased radioresistance'' (IRR) (18, 19) . We have previously shown that HRS is permanently eliminated in T-47D cells after a g-radiation dose 0.3 Gy at LDR (0.3 Gy/h) (20) , whereas intermittent hypoxia for three to six weeks with equal experimental setup as used in this study transiently eliminated HRS (16) . In light of this, we would expect the cells that survived seven weeks of intermittent hypoxia combined with continuous LDR irradiation to have lost the HRS response. This was indeed observed for the original T -47D S population, but when this population was cloned, only one of the two tested clones (T À 47D C2 S ) was without HRS response. HRS response has been linked to arrest in the early G2 check point of cells irradiated while in G2 phase (21) . The difference in HRS status of the two cell populations could not be attributed to difference in fraction of cells in G2 phase (11.7 AE 0.7 for T À 47D Hypoxia has been shown to promote metastatic spread by selection pressure for a more aggressive phenotype (22, 23) . Experimental mouse studies have shown that acute hypoxia influenced metastasis to a greater extent than chronic hypoxia in melanoma and fibro sarcoma (24, 25) . However chronic hypoxia leads to decreased double strand break DNA repair, potentially facilitating a mutator phenotype (26) . The surviving cells T -47D S experienced intermittent oxygen conditions, varying from about 3.5% oxygen to a very low oxygen concentration of less than 0.1% (9) . Normal tissue oxygenation is in the range of 4-6% oxygen (27) , whereas cellular respiration is impaired at oxygen tensions below 0.1% (28) . However, the surviving cells T -47D S did not show a more migrating pheno-type after the treatment with intermittent hypoxia and LDR irradiation (Fig. 4) . The relative migration of the original T -47D S population is slightly higher than T À 47D
C1 S
and particularly higher than T À 47D
C2
S . There could, however, be several other sub-groups within the original T -47D S population, possibly contributing to the differences in relative migration.
Scratch wound migration assays were also performed under hypoxic conditions, since lowering of oxygen tension was shown by others to cause an increase in cell migration for several cell lines (i.e. thyroid carcinoma cells and ovarian cancer cells) (29, 30) . We used an oxygen concentration in the atmosphere of 4%, but as the cell dish was confluent, the pericellular oxygen concentration was much lower (31) . This, however, did not lead to an increase in migration in T-47D wild-type breast cancer cells nor in T À 47D C1 S with higher DNA content (Fig. 4) .
Polyploidy can represent an advantage for the tumor cells (32) .The process of uncoupling DNA replications with cell division, called endoreduplication, can lead to an overall doubling of the genome content, which is approximately what we observed in T À 47D C1 S . Endoreduplication is therefore a possible explanation to how the abnormal ploidy in T À 47D C1 S developed in the present experiment. Interestingly, recent work shows that endoreduplication promotes genomic instability and vice versa (33) . Studies by Graff et al. have shown that cervical tumor cells without functional pRb is prone to endoreduplication upon re-oxygenation after severe hypoxia, but this was also seen in modified T-47D cells with a high ribonucleotide reductase (RNR) level, thus indicating that a high level of RNR can overrule pRB mediated arrest. In the study by Graff et al., endoreduplication was not observed in wild-type T-47D cells that experienced severe hypoxia and re-oxygenation (34). The experimental setup was different from what was used in our study and direct comparison is probably not possible. In our study, oxygenation varied from about 3.5% to less than 0.1%, whereas in the study by Graff et al. the cells were reoxygenated from less than 4 ppm to 20% oxygen.
In conclusion, the cells surviving combined treatment of LDR irradiation and intermittent hypoxia may have changes in DNA content and signaling. However, no increase in the risk of metastasis was found, and only slight changes in radiosensitivity in response to conventional clinical doses were observed. Conventional radiotherapy will therefore target both non-hypoxic tumor cells and the surviving hypoxic cell population previously treated with internal LDR irradiation.
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